Abstract. The effect of glucose upon the transport of light in tissue-simulating phantom is shown and its possible application for non-invasive glucose monitoring in diabetic patients is discussed. The aim of this paper is to investigate the physical background of this effect The presence of glucose in an aqueous solution increases its refractive index and therefore has an influence upon the scattering properties of partides suspended in solution. Fxperime@ data on the effect of glucose upon the sanering coefficient and the phase function of aqueous suspensions of spherical polystyrene particles are presented for near-infrared wavelengths and compared to values predicted by Mie theory. The subsequent effect upon light uansport in multiple scattering, tissue-simulating phantoms is demonstrated experimentally in a slab geometly and theoretically by applying diffusion theory. It is furthermore shown that optional measurements in the frequency domain allow changes of absorption and scattering coefficient to be separately determined. The possible magnitude of this glucose effect in tissue in vivo is discussed.
Introduction
A continuous non-invasive method for monitoring body glucose concentrations would be of great advantage for diabetic patients. At present, these patients, who need to measure their glucose levels many times a day, rely on pricking their fingers to obtain blood samples. A drop of blood is placed upon a test strip, which undergoes a colour change due to an enzymatic chemical reaction. Nevertheless, it has been shown that the longerterm secondary effects of diabetes, such as retinopathy, nephropathy, neuropathy and microangiopathyhacroangiopathy can be significantly reduced by controlling the extent of blood glucose swings through more frequent monitoring @CCT 1993).
Many techniques have been suggested for the monitoring of glucose, ranging from implanted electrochemical sensors (Wdson et al 1992) to non-invasive optical methods. The proposed optical methods are based upon photoacoustic (Quan et a1 1993), absorbance or Fourier transform spectroscopy in the infrared region (Robinson et a1 1992 , Arnold and Small 1990 , Kajiwara et al 1993 , Marbach et al 1993 . So far, none of these methods has proven to be sensitive or accurate enough for in vivo monitoring.
Here we follow a recently proposed method (Simonsen and Bucker 1994) that is based upon changes of the refractive index induced by glucose dissolved in aqueous solution. First investigations of this effect in tissue-simulating phantoms (Kohl etal 1994) and studies with volunteers (Maier et a1 1994) have been published concurrently. The aim of this paper is Table 1 . A summary of the effect of glucose upon the basic optical properties of a phantom and the light transport within this phantom. When glucose is added to an aqueous suspension of inert scattering panicles a number of physical effects that are summarized in table 1 may change the propagation of light in the scattering medium. Glucose reduces the absorption coefficient of the water in the aqueous solution because it displaces water (i.e. reduces the molar concentration of water molecules). At the same time it adds the intrinsic glucose absorption coefficient pi (table I(a), (b)). The refractive index n of the aqueous solution increases with the glucose concentration (table l(c)), resulting in a reduced velocity of light and a changes of the scattering properties of particles (scattering coefficient pS, phase function p and g value) suspended in the solution (table I(d)-(f)). To investigate and separate these effects, experimental results were compared with predictions from Me theory. Finally, the subsequent effect of these changes in refractive index, the absorption and the scattering coefficient upon the transport of light in multiple scattering, tissue-simulating phantoms was investigated (table I(g), (h)). Mkasurements are made of the changes of the transmittance and phase delay of intensity modulated light in a slab geometry. These results can be described by diffusion theory. Additionally, a method to separate the changes in the absorption and scattering coefficient is introduced.
The implications of these phantom studies for the potential non-invasive detection of glucose in tissue are discussed in the final section of this paper.
2. The effect of gIucose on the optical properties of a phantom
Method and experimental set-up
The attenuation of light transmitted through a suspension of particles is due to absorption and scattering (characterized by the absorption coefficient pa@) and the scattering coefficient p&) respectively) and can be described by the total attenuation coefficient pt(A) that is given by where z is the physical pathlength of the suspension and and Z(h) are the transmitted light intensities at the wavelength A through the cuvette containing the reference solution (normally pure water) and the suspension under investigation, respectively. Either ps(I) or pa@) can then be calculated from pt(A) as long as changes of the other coefficient can be neglected or be subtracted. Equation (1) is valid for the single scattering regime, i.e. as long as the probability of scattered light being detected is negligible.
Experimentally, the absorption and scattering coefficients of a solution were determined with a collimated beam set-up. This set-up~measured the transmitted intensities of a cuvette containing the solution under investigation and consisted of a quartz lamp (100 W) serving as a light source and a spectrophotometer. The light was delivered by an optical fibre (100 pm core diameter) and collimated by a lens (focal length, 16 mm) producing a beam diameter of approximately 2 mm. To collect the transmitted light an identical lendfibre combination was positioned collinearly. Because the acceptance angle of this light collecting lens (distance about 50 cm) was small (half angle a = 3 x rad) and the scattering particle density was low, the probability of scattered light being detected was negligible. The spectrophotometer consisted of a grating monochromator in combination with a nitrogen-cooled charge-coupled device (CCD) (Cope 1991) . The sensitivity of the detector limited the spectra to wavelengths h < 1030 nm with data at wavelengths greater than 950 MI being of limited use because of low sensitivity. This set-up was used in either a horizontal or vertical arrangement as described later.
Scattering by spherical particles
Mie theory was used to calculate the scattering coefficient, the phase function and the g value of spherical particles of arbitrary diameter d in an analytical form from the refractive indices of both the spheres n, and the medium n, and the wavelength A of the light. Here an algorithm given by Bohren and Huffman (1983) was applied to spherical polystyrene particles suspended in water. To include the wavelength dependence of the refractive indices, data given by Weast (1974) and Kaye and Laby (1986) for the refractive index of water n, and polystyrene np for visible wavelengths were extrapolated into the near-infrared region. To that end the dispersion function of the refractive indices was approximated by a Cauchy fit (Hecht 1987) 
The effect of glucose qn the refractive index
The increase A,n(cg) of the refractive index n of an aqueous solution of glucose with increasing glucose concentration c, is given by Weast (1974) for visible wavelengths,
and was assumed to be identical over the whole wavelength region under investigation.
The effect of glucose on the absorption coeffient
The absorption coefficients of water and aqueous glucose solutions had to be accurately determined in order to model the light transport in the multiplescattering phantom. The effect of glucose upon the absorption coefficient is twofold. . Secondly, the overall absorption increases due to the 'intrinsic' glucose absorption p f ( c g ) . Table 2 summarizes how p:, p:(cg) and the difference in absorption between a glucose solution and pure water (prg(c,)) were derived from measurements of transmitted light intensities.
In our experiments, the collimated beam set-up either aligned horizontally (figure l(a)) or aligned vertically (figure l(b)) was used. In the vertical alignment the collimated beam traverses the rectangular cuvette perpendicularly from underneath and allows the pathlength z to change with increases in the volume of the solution. The drawback of this alignment is that the surface of a solution is never perfectly plane and slight lateral deflections of the beam occur. Therefore a detector with a larger acceptance angle was used for absorption coefficient measurements. An integrating sphere (diameter 7 cm) was used with an aperture diameter of 1 cm and connected to a spectrophotometer via a fibre bundle. The acceptance angle was approximately (Y = 2.5 x rad. Since in this case the solution did not contain any scattering particles, the larger acceptance angle did not affect pa determination. The absorption of pure water was derived by measuring the transmitted light intensities Zl(z1) and ZZ(ZZ) through different pathlengths z1 = 5 mm and z2 = 70 mm of pure water using the vertical set-up: The logarithmic ratio of intensities under these conditions, pzg(c,), is the difference of the intrinsic absorption coefficient of glucose in an aqueous solution and the absorption coefficient that corresponds to the displaced water. The intrinsic glucose absorption can than be calculated according to &cg) = prg(c6) + pr(1 -Cw ( was obtained from the measured total attenuation coefficient f i by correcting for changes of the absorption coefficient using pzg. In figure 3 the resulting spectra pL.(A) are shown for cg = 0 mM and 144 mM. For the whole range of wavelengths under investigation pLs decreases monotonically with wavelength and is lower for cg = 144 mM. Predictions from Mie theory calculated for refractive indices of the medium corresponding to cg = 0 mM and cg = 144 mM are also shown. The agreement between theoretical and experimental ps is good. Deviations might be due to errors in the absolute values of the refractive index obtained by extrapolation of visible wavelength data. + p& = 0 mM)] of the scattering coefficient was calculated and is shown in figure 4 for cg = 85 mM and 144 mM. For A < 920 nm the agreement between experimental and predicted BgpS is excellent whereas for longer wavelengths the interpretation of the spectra is aggravated by high noise caused by a low signal intensity. This is due to the low sensitivity of the CCD detector as well as the high absorption of water and the small scattering coefficient in this part of the spectrum. For the range of glucose concentration studied here (0 mM < cp < 144 mM) agpS decreases linearly with concentration and has values of about 6,pr = -0.012% mM-' at A = 700 nm and -0.016% mM-' at A = 955 nm (see the inset of figure 4).
The effect of glucose on the phase function and g value
The experimental set-up that allowed measurement of the phase function p(8), i.e. the dependence of the scattered light intensity on the scattering angle 8, has been described in detail by Firbank et a1 (1993) . It includes the same light source and detector system as used in the collimated beam experiments in combination with a goniometer turntable. The liquid sample could be sandwiched between two glass hemicylinders (65 mm diameter) with an antireflection coating. In figure 5 (a) the measured phase function p(8) of the same batch of polystyrene spheres (d = 1.27 mm) as studied in the experiments described above is shown for angles 0" < 8 < 45" and compared with calculations from Mie theory.
Unpolarized light at A = 700 nm was used. As the predicted change with changing refractive index of the medium is small, the phase function was measured for cg = 0 mM and cg = 1700 mM corresponding to Agn = 0.0425. The calculated intensities at 8 = 9" were used to normalize the experimental phase functions. There is a coarse agreement between calculated and experimental phase functions although the local minimum of the scattered intensity near 8 = 30" was not observed in the experimental data. This might be partly due to deficiencies in the experimental set-up (polarization effects, insufficient angular resolution), an imperfect spherical shape and a possible aggregation of the particles. Nevertheless, there is a considerable agreement between the theoretical and the measured ratio of the phase functions p ( 8 , 1700 mM)/p(B, 0 mM) shown in figure 5@ ). This ratio has a distinct minimum near 8 = 30" and is less than unity for 8 > 20", indicating that for the higher glucose concentration the scattered light is more forward peaked. Hence the g value, i.e. the mean cosine of the phase function
, is higher for higher glucose concentrations: Mie theory predicts g(cg = 0 mM) = 0.9283 and an absolute change Agg = 8.45 x 2.7. The effect of glucose on the modified scattering coefficient
For multiplescamring media, the reduced scattering coefficient pi = ps(l--g) characterizes the light transport when it is modelled by diffusion theory and its fractional sensitivity to glucose is Jgpi = Sgp. -Agg/(l -g). Inserting the values given above for polystyrene particles of d = 1.27 pm shows that Agg and 6,pS contribute approximately equally to Sgp: for the particle diameter and wavelength studied: 6,p: = -0.023% mM-' at 700 nm.
In the multiple-scattering experiments the second batch of polystyrene particles with the broad size distribution of 4 pm c d c 7 pm was used. The calculated spectrum &(A) of these particles had a distinct 'ripple' structure with variations of up to f 3 % and a separation mM-' glucose at 700 nm.
of the maxima of about 25 nm. This 'ripple' structure is probably caused by artefacts in the Mie calculation due to the limited number of subranges used for the size distribution of the polystyrene spheres. The ripples were not found experimentally. After smoothing out these ripples the calculated and experimental spectra were in good agreement. The calculated g value was between 0.85 and 0.88, giving a pi relatively independent of wavelength with values between p : = 0.880 mn-' (I. = 700 nm) and pi = 0.898 nun-' (A = 1000 nm) for a concentration of 1% v/v. The magnitude of the relative change &pi was larger for higher wavelengths and had values of = -0.011% for h = 700 nm and -0.020% for h = 1000 nm per mM glucose concentration. These calculated values of the modified scattering coefficient pi were used in the following experiments.
3. The effect of glucose upon the tight transport in multiple-scattering phantoms Following the investigation of the influence of glucose concentration upon the singlescattering properties of spherical particles, experiments were performed to assess the transport of light and its dependence on glucose concentration in multiple-scattering, tissuesimulating phantoms.
Here the results of two experiments are presented, both performed in a slab geometry. The aim of the first experiment is to describethanges of the transmitted light intensity, i.e. the transmittance, and emphasizes the relevance of the magnitude of absorption to the overall glucose effect. In the second experiment, the glucose-induced change of transmittance and phase shift of an intensity-modulated light source was examined. A simple method to separate changes of the absorption and scattering coefficient is explained and tested on the experimental data. All the experimental results were validated with diffusion theory predictions.
Diffusion theory for slab geometv
During the last few years diffusion theory has been expanded to describe the temporal characteristics of the transport of light in homogeneous media of simple geometry. For an incident 'pencil' light beam the intensity of the reflected and transmitted light as well as its temporal spreading or the phase of an intensity-modulated light source can be calculated from pi, pa Unfortunately, the phase Q(L,r) cannot be expressed in simple form for this geometry (Arridge etal 1992) . Therefore the approximate linear relationship between phase and mean time, Q = -2zuM(t) (Duncan ern1 1993) where UM is the modulation frequency, was used to calculate Q from ( t ) .
Patterson et a1 (1989) and Anidge et al (1992) give both T and (t) in terms of an infinite series of dipole terms, each of which ensures that the photon fluence rate is zero at the boundaries at z = 0 and z = L of the infinite slab. In the experimental conditions the photon fluence rate is greater than zero at the boundaries because of specular reflections due to different refractive indices of the solution, the cuvette and air. The resulting mismatched 
A = [~/ (~-R~) -~+ I c o s~,~~I / (~-I c o s~,~~) . (7)
Here both the critical refractive angle 0, = sin-'(l/nJ and Ro = [(nl -l)/(nr + I)]' depend on the relative refractive index n, = n, In, between the refractive index of the slab medium n, and the surrounding na.
The influence of glucose upon trmmitted light intensity
3.2.1. Method. The transmission spectra of a cuvette (size 60 mm x 80 mm, pathlength L = 20 mm) containing an aqueous ~ suspension of polystyrene particles were measured with a similar set-up as described previously (see figure 6(6)). A fibre bundle of 2.5 mm diameter positioned at one side of the cuvette delivered light from the halogen lamp while an integrating sphere (70 mm diameter, aperture area.A = 2 5~ mm2) placed at the opposite side of the cuvette was used to detect the spectrum Z(A) of the transmitted light. The known aperture of the integrating sphere allowed the spectrum to be normalized to the incident intensity and detector area A. A spectrum of the incident light Z&. ) was recorded by placing the light delivering fibre bundle directly at the aperture of the integrating sphere. The transmitted intensity Z(A) was recorded with the cuvette placed against the integrating sphere. A partial specular reflection R (about 4%) of the incident light at the first air/cuvette boundary and the entry to the integrating sphere aperture A was taken into account to produce a normalized spectrum of the transmittance T(A) = z(A)/&&)(l -R)A-', i.e.
T(A)
is expressed in units of detector area. The optical propeaies of the phantom, which consisted of an aqueous suspension of polystyrene microspheres (4 p m e d e 7 pm) at a concentration of c, = 0.968% v/v were p: = 0.852 mm-' (QL~ = -0.011% a-') at A = 700 nm and pi = 0.870 mm-' ( 6 ,~: = -0.020% mM-') at A = 1000 nm. The absorption coefficients for pure water and the aqueous glucose solution were taken from figure 2. At the boundaries of the experimental slab, specular reflections occurred due to the different refractive indices of the solution (n, given above), the glass cuvette (thickness 2.5 mm, 1.525 > nc P 1.50) and air (n. = 1). To include the mismatched boundary conditions in the calculation, a single parameter zb describing the combined effect of these specular reflections had to be found. Therefore the specular reflection of the (dielectric) water-glass-air layer was calculated for diffuse, unpolarized radiation using equations based upon Maxwell's theory given by Kong (1986) . It was found that the specular reflection can be approximately represented by a single boundary with a relative refractive index n, = 1.367 at A = 700 nm and n, = 1.366 at A = 1000 nm. The increment of the refractive index of the glucose solution A,n, = 0.005 for cp = 200 mM was taken into account by increasing n, between 0.0015 (700 nm) and 0.0009 (1000 nm). These values for nr were linearly interpolated between 700 nm and 1000 nm. figure 7 ( b ) (dotted line) . Using the values for the optical properties and the boundary conditions, the spectra T(A. cg) were calculated from (3) (solid lines in figure 7(a) ). Within the absorption hand of water neac h = 975 m, the calculated T (about 2.5 x mm-' ) agrees with the experimental values whereas at the lower-wavelength end of the spectrum (T % 1 x mm-' ) the discrepancy is about 30%. The reason for !he discrepancy at these lower wavelengths may be that absorption is small, i.e. the effective pathlength of the photons in the medium is high. This might result in a stronger influence of the limited size of the cuvette and subsequently a difference from the theoretical value that is based upon an infinite slab. For wavelengths with a higher absorption this influence is smaller because the path of the photons is more liely to be confined to the centre of the cuvette. Nevertheless, the overall agreement between theory and experiment is good. As &A) is fairly wavelength independent, the spectra reflect predominantly the absorption properties of water (compare with figure 2) . For all wavelengths the transmitted intensity is higher for cg = 200 mM than for zero glucose concentration. These differences are small but can clearly be seen in the plot of the ratio T(A, cg = 200 mM)/T(A, cg = 0 mM) shown in figure 7(b) . This ratio varies between less than 1.01 for 700 nm and more than 1.10 within the absorption band of water. To compare the experimental with the theoretical ratio and to illustrate the contribution of the magnitude of changes in absorption and scattering, firstly only the effect of glucose upon the scattering coefficient has been included (the dashed line of figure 7(b) ), resulting in a ratio that is higher than that observed for the experimental data for all wavelengths less than 920 nm. By including changes of absorption coefficient (water displacement and glucose absorption) a much better fit between the diffusion model and the experiment could be achieved (the solid line of figure 7(b)) that confirms most of the experimental spectrum's features. Differences for A > 950 nm can be attributed to larger errors in all experimental absorption and scattering spectra.
The influence of glucose upon phase shift
In a second experiment in a slab geometry (L = 20 mm) the dependence of intensity and phase shift of the transmitted light upon the glucose concentration was investigated. The phantom consisted of an aqueous suspension of the same polystyrene microspheres (4 b m c d < 7 p" as used above, whose absorption had been increased by adding a water-soluble dye (S109564, ICI, Manchester). For the concentrations used (spheres, c, = 5.4% v/v; dye, cd = 0.0185% v/v) and A = 804 nm the resulting optical properties were a modified scattering coefficient & = 4.8 mm-' and an absorption coefficient ba = 0.016 mm-I. A high scattering coefficient was chosen to increase the glucose effect.
Glucose concentration cg was changed between 0 mM and 400 mM by adding an aqueous solution of the same sphere and dye concentration but high glucose concentration. Therefore, the sphere and dye concentration was unchanged during the experiment. The set-up used here to record intensity and phase data consisted of four laser diodes of different wavelengths between 690 nm and 860 nm that were intensity modulated with a frequency UM = 200 MHz in combination with a phase-sensitive PMT detector. Details of this frequency domain system have been given elsewhere (Duncan et a1 1993).
In figure 8(a) Both show an approximately linear dependence. Using the values for p:, ba, n, and n, as expected changes of attenuation and phase could be calculated from diffusion theory (3), (5) and the relationship 0 = -2nM(t) (the solid lines in figure 8(a) ). Again, the predictions of the diffusion theory are in good agreement with the experimental data.
Separation of absorption and scattering changes
In the last few years it has been shown that the optical properties (&, pa and n,) can be determined from measurements of intensity, phase and modulation of an intensity-modulated well as their changes (Jgp; = -0.015% mM-' for 804 nm, Agnm = 2.5 x lo5 mM-' ), the
.. The separation of fractional changes of scattering and absorption coefficient 6p: (triangles) and Spa (squares) calculated from the experimental data shown in (a) using diffusion theory and the known srarting "aloes of pi and pn for cs = 0. The expected changes ate shown in solid lines: no change for the absorption and a linearly decreasing scanwing cwfficient. and pa. In contrast to phase and modulation, the absolute magnitude of the reflectance is the most difficult to measure and is therefore discarded. Here it is demonstrated that from experimental changes of attenuation (AA) and phase (A@), changes of scattering and absorption coefficient (Spl, 8pa) The constants A,, A,, and @a have to be determined from diffusion theory for the specified starting values pi and pa.
For the experiment performed, the expected fractional changes 6pi and 6pa are plotted as solid lines in figure 8(b) . The concenmation of the dye was held constant. Because the change of water and glucose absorption due to glucose could be neglected, the overall absorption coefficient was constant: 6p, = 0. A fractional change of the modified scattering coefficient of 8& = -1.50%/100 mM was derived from Mie theory for the wavelen,& used. To perform the separation of 6pa and 6pi according to 
Discussion

The effect of glucose on basic optical properties
The magnitude of the effect of dissolved glucose upon optical properties in an aqueous suspension of scattering particles has been described. It has been seen to have four different effects: two upon the absorption coefficient via intrinsic glucose absorption and water displacement and two via reiiactive index by modifying both the velocity of light and the scattering coefficient. These effects modify the light intensity, modulation depth and phase shift seen in multiplescattering media that mimic scattering in tissue. These modifications can be described by diffusion theory.
The dependence of the glucose effect upon the absolute absorption coeficient
In figure 7 it has already been shown that the glucose-induced change of the transmittance is reflected in the absolute absorption spechum of the highly scattering phantom. This needs further examination. In tissue the modified scattering coefficient is fairly wavelength independent (van der Zee eta1 1993) while the absorption spectrum is dominated by specific bands of tissue chromophores such as those of haemoglobin or water. In figure 7 the wavelength dependence of pi and its change &pi for the polystyrene particles used make it difficult to evaluate the exact influence of pa on the glucose effect. To clarify this the pa-dependent fractional change of the transmitted intensity 6T has been calculated for a slab of 20 mm pathIength, & = 1 mm-' and S& = -1% (figure 9). The advantage of a high background absorption coefficient to produce a high ST can clearly be seen. High absorption strongly reduces the absolute. intensity of the detected light. Nevertheless, calculations show that even after reducing the sourcdetector distance to compensate for this decrease in intensity, the effect is higher for high pa Therefore it might be beneficial to choose a wavelength coinciding with a strong absorption band of the tissue, e.g. the bands of water near 975 nm or 1190 nm. Also shown in figure 9 is the change of mean time of flight A@), which demonstrates that, in contrast to ST, a low absorption coefficient is advantageous for a high glucose effect. The influence of pa on the magnitude of the effect may explain why spectroscopic methods have been suggested for in vivo monitoring of blood glucose concentration even when the intrinsic glucose absorption itself is negligible.
Perhaps the most surprising result is that inhinsic glucose absorption can be seen in the spectra of these tissue phantoms (figure 7). It appears as a small feature at wavelengths near to 910 nm. Unfortunately the likelihood of seeing this feature in tissue is very small because the conditions in this phantom are somewhat beneficial compared to tissue. Background absorption is very low and glucose concentration very high.
The influence of refractive index upon the glucose effect and possible interference
The changes of the scattering properties with glucose concentration discussed above are small. However, one distinct possibility is that these changes may be greater in tissue than in the polystyrene particle suspension.
For biological tissue it is hard to predict or estimate 6 ,~: . Tissue scattering is caused by a variety of substances and organelles (membranes, mitochondria, nucleus etc) and fluids that all have different refractive indices varying between values near to that of water (intracellular and interstitial fluid, blood plasma) to that of protein (n B 1.5) (Ross 1967) . These different refractive indices have to be taken into account. Furthermore, as the sizes of the scattering cell compartments vary between a few tens of a micrometre and a few micrometres, the scattering can only approximately be described by a scattering theory (Mie or Rayleigh theory). Assuming that glucose induces only a change in the refractive index of the medium and that the suspended particle (organelle etc) itself is unaffected, the fractional change 8gLLl,/mM glucose has been calculated from Mie theory for a spherical particle of diameter d = 1 pm and A = 700 nm as a function of the refractive index n, of the sphere ( figure IO) . A constant refractive index of the medium n, of either 1.33 or 1.36 was assumed. The magnitude of Sg& shows a large increase as ns decreases to values close to that of the medium. This dependence of 8& on n, is approximately the same as expected for a pure Rayleigh scatterer whose scattering intensity is proportional to figure 10 ). Experimentally it has been confirmed that for the lower refractive index of Intralipid (a soybean oil suspension, n, F y 1.465) 8& is roughly a factor of two larger than for polystyrene (ns = 1.584, 8& = -0.02% mM-'). For even smaller values of n, the expected change is larger. Different types of tissue have mean refractive indices ranging from about 1.40 for muscle to 1.46 for adipose (fat) tissue (Bolin etat 1989) . Assuming that the extracellulax fluid of all tissues has about the same refractive index (a, 1.34-1.35), figure 10 predicts changes of about -0.10% and -0.05% mM-', respectively, for these tissues. To optimize the glucose effect in vivo, it may well be advantageous to choose a position on the body to maximize the signal from tissue with scattering centres of low relative refractive index.
Besides that, the distribution of glucose in tissue and its effect on other physiological parameters is a complex issue. The method suggested here is sensitive to average changes of the refractive index and scattering coefficient of tissue. Therefore, it is not likely to measure the glucose concentration of blood but an average concentration in tissue. This concentration depends on both the diffusion of the glucose in the tissue and its active uptake into cells, i.e. it may result in differences of the absolute values as well as a certain time delay compared with blood glucose concentration.
Further physiological questions also have to be clarified. The estimation given above assumes that glucose only affects the refractive index of the medium (i.e. the extracellular body fluids) while the particle (cell, organelle etc) is unaffected. In diabetic patients the glucose uptake of the cells is reduced or inhibited. Nevertheless, the glucose concentration certainly induces changes of the concentration of solutes in both the extracellular and intracellular fluids and the metabolism. In diabetic patients there is a glucose correlated increase of the osmolarity of the body fluids and a change of their composition (e.g. electrolytes, urea and ketone bodies) (Wilson et 01 1991) . Any accurate estimation of changes of the refractive index has to sum up all of these different contributions. The overall body fluid balance as well as the renal function is influenced by both the glucose concentration and the osmolarity of body fluids and may induce a fnrther change of the refractive index.
The other parameter most likely to affect the scattering coefficient is the temperature of the tissue. For Intralipid in water, a change of the scattering coefficient 6p, = -0.4% "C was measured for A = 700 nm. This is in agreement with Mie calculations taking into account temperature changes of the refractive index of water (Weast 1974) and of oils and fats (An E -4 x 10-40C; Glasser 1950). This points to the importance of monitoring tissue temperature and the need for additional experiments to measure the scattering in tissue as a function of temperature.
Conclusion
The experimental and theoretical investigations above have proven the existance of glucose effects upon scattering media. The most significant of these effects was the modification of the reduced scattering coefficient and even this effect was small. Glucose concentrations an order of magnitude greater than physiological levels were needed to obtain measurable effects in tissue phantoms. It is hoped that the glucose effect in tissue is much greater than in these phantoms. Preliminary results in adult volunteers suggest this may be so o\?aier et nl 1994); otherwise instrumentation with greater sensitivity than the current state of the art will be required.
The general agreement between theory and experiment in phantom studies gives confidence in using the basic data and these methods to predict effects for other wavelengths and measurement regimes and to separate changes in absorption and scattering coefficient. The disadvantage of this method is that changes rather than absolute values of scattering and absorption coefficient were calculated. However, compared with an absolute determination of p: and pa based upon phase and modulation depth, the potential advantage of using attenuation and phase changes is a lower noise level. Absolute values of tissue scattering are unlikely to be usefull in determining absolute glucose concentrations. This technique is likely to require an in vivo calibration using blood samples.
The potential application of these findings for the non-invasive monitoring of glucose concentrations in diabetic patients has been discussed. Future studies with diabetic patients have to prove the magnitude of glucosecorrelated changes of optical signals and the feasibility of on-line monitoring.
